Mitochondria play an essential role in maintaining cellular homeostasis. The removal of damaged or depolarized mitochondria occurs via mitophagy, in which damaged mitochondria are targeted for degradation via ubiquitination induced by PTEN-induced putative kinase 1 (PINK1) and Parkin. Mitophagy receptors, including optineurin (OPTN), nuclear dot 52 kDa protein (NDP52), and Tax1-binding protein 1 (TAX1BP1), are recruited to mitochondria via ubiquitin binding and mediate autophagic engulfment through their association with microtubule-associated protein light chain 3 (LC3). Here, we use livecell imaging to demonstrate that OPTN, NDP52, and TAX1BP1 are recruited to mitochondria with similar kinetics following either mitochondrial depolarization or localized generation of reactive oxygen species, leading to sequestration by the autophagosome within ∼45 min after insult. Despite this corecruitment, we find that depletion of OPTN, but not NDP52, significantly slows the efficiency of sequestration. OPTN is phosphorylated by the kinase TANK-binding kinase 1 (TBK1) at serine 177; we find that TBK1 is corecruited with OPTN to depolarized mitochondria. Inhibition or depletion of TBK1, or expression of amyotrophic lateral sclerosis (ALS)-associated OPTN or TBK1 mutant blocks efficient autophagosome formation. Together, these results indicate that although there is some functional redundancy among mitophagy receptors, efficient sequestration of damaged mitochondria in response to mitochondrial stress requires both TBK1 and OPTN. Notably, ALSlinked mutations in OPTN and TBK1 can interfere with mitophagy, suggesting that inefficient turnover of damaged mitochondria may represent a key pathophysiological mechanism contributing to neurodegenerative disease.
Mitochondria play an essential role in maintaining cellular homeostasis. The removal of damaged or depolarized mitochondria occurs via mitophagy, in which damaged mitochondria are targeted for degradation via ubiquitination induced by PTEN-induced putative kinase 1 (PINK1) and Parkin. Mitophagy receptors, including optineurin (OPTN), nuclear dot 52 kDa protein (NDP52), and Tax1-binding protein 1 (TAX1BP1), are recruited to mitochondria via ubiquitin binding and mediate autophagic engulfment through their association with microtubule-associated protein light chain 3 (LC3). Here, we use livecell imaging to demonstrate that OPTN, NDP52, and TAX1BP1 are recruited to mitochondria with similar kinetics following either mitochondrial depolarization or localized generation of reactive oxygen species, leading to sequestration by the autophagosome within ∼45 min after insult. Despite this corecruitment, we find that depletion of OPTN, but not NDP52, significantly slows the efficiency of sequestration. OPTN is phosphorylated by the kinase TANK-binding kinase 1 (TBK1) at serine 177; we find that TBK1 is corecruited with OPTN to depolarized mitochondria. Inhibition or depletion of TBK1, or expression of amyotrophic lateral sclerosis (ALS)-associated OPTN or TBK1 mutant blocks efficient autophagosome formation. Together, these results indicate that although there is some functional redundancy among mitophagy receptors, efficient sequestration of damaged mitochondria in response to mitochondrial stress requires both TBK1 and OPTN. Notably, ALSlinked mutations in OPTN and TBK1 can interfere with mitophagy, suggesting that inefficient turnover of damaged mitochondria may represent a key pathophysiological mechanism contributing to neurodegenerative disease. mitophagy | optineurin | TBK1 | Parkin | amyotrophic lateral sclerosis M itochondria form interconnected networks that continuously remodel in response to shifting cellular needs (1) . These dynamic networks serve as hubs for diverse cellular functions, including aerobic metabolism, calcium homeostasis (2) , and redox signaling (3) . Several key mitochondrial functions rely on the potential across the mitochondrial inner membrane. Loss of membrane potential is associated with mitochondrial fragmentation and impaired trafficking (4) , and can potentially activate cell death pathways (5) . To safeguard against these deleterious outcomes, eukaryotic cells have developed quality control mechanisms to monitor the membrane potential of resident mitochondria and selectively eliminate depolarized organelles through mitophagy.
In mitophagy, damaged mitochondria are recognized and then sequestered by a double-membrane autophagosome, leading to selective degradation. Regulation of this process involves the ubiquitin kinase PTEN-induced putative kinase 1 (PINK1) (6) and the E3-ubiquitin ligase Parkin (7) . Specifically, PINK1 accumulates on the surface of depolarized mitochondria, where it phosphorylates ubiquitin on local outer membrane proteins, resulting in the recruitment of Parkin (7) (8) (9) (10) (11) . Parkin, in turn, modifies additional mitochondrial outer membrane proteins with ubiquitin linkages, which are subsequently phosphorylated by PINK1. The resultant phosphoubiquitin linkages further recruit and activate Parkin, initiating a feed-forward cascade, resulting in the more extensive ubiquitination of mitochondria and the recruitment of the amyotrophic lateral sclerosis (ALS)-associated protein optineurin (OPTN) via its ubiquitin binding in ABIN and NEMO (UBAN) domain (12) (13) (14) . OPTN induces the formation of a microtubuleassociated protein light chain 3 (LC3)-positive autophagosome that engulfs the damaged mitochondrion, effectively sequestering it from the cytosol and ensuring subsequent degradation. The recruitment of Parkin, OPTN, and LC3 to either depolarized or reactive oxygen species (ROS)-damaged mitochondria can occur in as little as 45 min after insult (12) , although complete degradation of engulfed mitochondrial fragments requires fusion of autophagosomes with lysosomes and can take up to 24 h (7).
OPTN is a member of a small class of proteins termed autophagy receptors, which, to date, includes at least four other members: p62, nuclear dot 52 kDa protein (NDP52), Tax1-binding protein 1 (TAX1BP1), and next to BRCA1 gene 1 protein (NBR1) (15) . Like OPTN, these proteins bind both ubiquitin and LC3 to target ubiquitinated substrates to newly forming autophagosomes. However, the extent to which these other autophagy receptors participate in mitophagy and potentially cooperate with OPTN in the autophagic clearance of depolarized mitochondria is unclear (12) (13) (14) . Moreover, what role upstream regulators of these proteins, such as TANK-binding kinase 1 (TBK1) (16) , may play in this pathway remains unknown. Although NDP52 and TAX1BP1 have recently been shown to be recruited to damaged mitochondria (13, 14) , the dynamics of this recruitment have not been investigated. Further, NDP52 has been proposed to function redundantly with OPTN during PINK1/Parkin mitophagy (13, 14) , but these studies focused primarily on downstream effects on mitochondrial clearance, rather than the efficiency of mitochondrial sequestration by autophagosomes.
Significance
Mitochondria are key regulators of cellular metabolism and are defective in a number of human disorders. Here, we examine how living cells selectively eliminate damaged mitochondria through the autophagosome-lysosome system. We find that the serine/threonine kinase TANK-binding kinase 1 (TBK1) and its downstream target optineurin (OPTN) are recruited to mitochondria after acute damage, where they coordinate engulfment by autophagosomes. Loss or chemical inhibition of TBK1 stalls mitophagy, resulting in the accumulation of damaged mitochondria. Because mutations in both TBK1 and OPTN are associated with amyotrophic lateral sclerosis and frontotemporal dementia, these results suggest that disordered mitophagy may be associated with selective neurodegeneration.
Once sequestered within autophagosomes, damaged and potentially toxic mitochondria are functionally separated from the rest of the cell until they can be degraded by lysosomal hydrolases. Thus, the rate at which acutely damaged mitochondria are engulfed by autophagosomes may potently affect cellular homeostasis, with delays leading to toxic cellular insult. Consistent with this possibility, mutations in OPTN cause neurodegeneration, including both ALS and glaucoma, whereas TBK1 mutations also result in ALS and are implicated in frontotemporal dementia (FTD) (17) (18) (19) (20) (21) (22) .
Here, we use live-cell imaging to examine the dynamics of mitophagy induced by mitochondrial depolarization or localized ROS production. We find that OPTN is required for efficient mitophagy, although other receptors, including NDP52 and TAX1BP1, are recruited to depolarized or damaged mitochondria with similar kinetics. OPTN recruitment occurs coincident with the recruitment of the upstream serine/threonine kinase TBK1.
TBK1-dependent phosphorylation of OPTN S177 is not required for OPTN recruitment to Parkin-positive mitochondrial fragments. However, phosphorylation of OPTN at S177 is required for the efficient formation of autophagosomes around depolarized mitochondria. Consistent with this finding, inhibition or depletion of TBK1, or expression of an ALS-associated TBK1 mutant, significantly impairs autophagic engulfment of depolarized mitochondria. Similarly, some, but not all, ALS-linked OPTN mutants disrupt the function of this receptor in mitophagy. Together, these data indicate that efficient sequestration of damaged mitochondria into LC3-positive autophagosomes requires both OPTN and TBK1.
Results
Dynamic Recruitment of Mitophagy Receptors OPTN, NDP52, and TAX1BP1 to Depolarized Mitochondria. We used multicolor livecell imaging to examine the dynamics of mitophagy following mitochondrial depolarization in HeLa cells. In control cells, mitochondria form dynamic, interconnected networks with low levels of mitochondrially localized LC3 (Fig. 1A, Top) . To induce mitochondrial depolarization, we treated HeLa cells with 20 μM carbonyl cyanide m-chlorophenylhydrazone (CCCP), a protonophore that triggers rapid loss of mitochondrial membrane potential as indicated by the potentiometric dye tetramethyl rhodamine ethyl ester (TMRE) (Fig. S1 A-C) . Because HeLa cells express low levels of endogenous Parkin (23), CCCP treatment does not induce Parkindependent mitophagy in control cells, with less than 1% of mitochondria targeted to autophagosomes at 180 min post-CCCP treatment (Fig. 1B and Fig. S1D ). In contrast, engulfment of depolarized mitochondria can be clearly observed in HeLa cells expressing exogenous Parkin at 180 min post-CCCP, with 8% of mitochondria surrounded by identifiable LC3 rings ( Fig. 1 A and B) . As previously shown (12) , knockdown of OPTN reduced mitophagy in Parkin-expressing cells, whereas concurrent expression of exogenous OPTN with Parkin resulted in a fourfold increase in LC3-positive mitochondria at this time point (Fig. 1 A and B) , suggesting that cellular expression levels of OPTN may be rate-limiting.
In addition to OPTN, autophagy receptors NDP52 and TAX1BP1 possess the ubiquitin-binding and LC3-interacting region (LIR) motifs required to target ubiquitinated mitochondria to autophagosomes (15) . Along with OPTN, NDP52 and TAX1BP1 have been shown to function in the autophagic clearance of invasive bacteria (16, 24, 25) , and, more recently, these adaptors have been implicated in the long-term clearance of depolarized mitochondria (13, 14) . However, the relative dynamics with which OPTN, NDP52, and TAX1BP1 are recruited to depolarized mitochondria have not been examined. To investigate their recruitment using live-cell assays, we transfected HeLa cells with untagged Parkin, Mito-DsRed2, and GFP-LC3, as well as Halo-OPTN, Halo-NDP52, or Halo-TAX1BP1.
Treating cells with 20 μM CCCP induced the recruitment of OPTN to fragmented mitochondria within 30 min. By 90 min post-CCCP, OPTN was stably enriched on over 50% of mitochondria ( Fig. 1 C and F) . NDP52 and TAX1BP1 displayed analogous recruitment kinetics to OPTN, similarly translocating to depolarized mitochondria within 30 min of CCCP treatment. At 90 min postdepolarization, NDP52 localized around 50% of Mito-DsRed2-labeled mitochondrial fragments, whereas TAX1BP1 formed visible rings around 59% of depolarized mitochondria ( Fig. 1 D-F) . Although these receptors displayed similar patterns of enrichment on depolarized mitochondria, they differed in their ability to facilitate LC3 recruitment and subsequent mitophagy. Among NDP52-positive mitochondria, 57% were clearly surrounded by GFP-LC3 rings (Fig. 1H) , indicating efficient sequestration of depolarized mitochondria by the autophagic machinery. In contrast, only 35% of OPTN-positive mitochondria and 30% of TAX1BP1-positive mitochondria were engulfed by autophagosomes at 90 min post-CCCP (Fig. 1H) . Of note, expression of exogenous OPTN, NDP52, or TAX1BP1 significantly enhanced mitophagy in Parkinexpressing cells compared with cells expressing only endogenous levels of mitophagy receptors (Fig. 1G) .
In Parkin-expressing HeLa cells transfected with all three autophagy receptors together, we observe robust colocalization of OPTN, NDP52, and TAX1BP1 on mitochondria 90 min post-CCCP (Fig.  S2A) . Recruitment of each of these receptors is dependent on Parkin E3-ligase activity, because expression of the Parkinson's diseaseassociated Parkin-T240R mutant effectively blocked association of OPTN (12), NDP52, or TAX1BP1 with mitochondria at 1 h post-CCCP ( Fig. S2 B and C). Although direct targeting of an engineered PINK1 construct to mitochondria is sufficient to recruit NDP52 (13) , endogenous PINK1 fails to recruit NDP52 to depolarized mitochondria in the absence of exogenous Parkin (Fig. S2D) .
OPTN, NDP52, and TAX1BP1 Are Recruited to Damaged Mitochondria with Comparable Kinetics. We wondered whether the dynamics of OPTN, NDP52, and TAX1BP1 recruitment differed in response to focally induced mitochondrial damage via localized production of ROS. Cells were transfected with untagged Parkin, Mito-SNAP (New England Biolabs), and GFP-LC3, as well as Halo-OPTN, Halo-NDP52, or Halo-TAX1BP1. Cells were also transfected with MitoKillerRed (MitoKR), a mitochondrially targeted photosensitizer that generates localized production of ROS upon 561-nm laser illumination (26) . Before photobleaching, mitochondria doublelabeled with MitoKR and Mito-SNAP were highly dynamic and indistinguishable in morphology from mitochondria in cells expressing Mito-DsRed2. We selected one region within each cell and photobleached the MitoKR signal with a 561-nm laser. After bleaching, the MitoKR signal was no longer visible, but mitochondria could still be identified by the photostable Mito-SNAP signal (Fig. S3A) .
At 90 min after MitoKR photobleaching, we observed robust recruitment of both OPTN and LC3 to bleached mitochondria, but not to mitochondria in unbleached regions of the cell ( Fig. 2A) . In parallel experiments with NDP52 and TAX1BP1, we observed similar recruitment of each receptor to photobleached mitochondria; LC3 was also recruited at this time point ( Fig. 2 B and C) .
Next, we investigated the kinetics of OPTN, NDP52, and TAX1BP1 recruitment in response to focal mitochondrial ROS production. Within 15-20 min of MitoKR activation, we observed Parkin recruitment to mitochondria (Fig. S3B ). Consistent with previous observations (12) , OPTN was recruited to bleached mitochondria ∼25-30 min after activation of MitoKR ( Fig. 3A and Movie S1). At this same time point, we observed the initial punctate recruitment of NDP52 to the surface of damaged mitochondria and the formation of weak, but clearly discernible, NDP52 rings around mitochondrial fragments ( Fig. 3B and Movie S2). In experiments with TAX1BP1, initial recruitment was observed within 20-30 min, with defined TAX1BP1 rings formed around mitochondrial fragments by 30-40 min ( Fig. 3C and Movie S3). In all experiments, LC3-positive rings could be observed forming around bleached mitochondria within 45 min. (Fig. 3 A-C) . To determine the rate of autophagosome formation around receptor-positive mitochondria, we calculated the Pearson's correlation coefficient between LC3 and OPTN, NDP52, or TAX1BP1. In all cases, the Pearson's coefficient between LC3 and autophagy receptor significantly increased within the bleach window, but not within a distal unbleached region of equal size (Fig. 3 D-F) . Together, these results indicate that focal ROS production can initiate OPTN-, NDP52-, and TAX1BP1-dependent mitophagy within a subpopulation of cellular mitochondria.
Although the precise kinetics show some variability from cell to cell or from organelle to organelle, all three receptors tested in livecell assays were recruited subsequent to Parkin and before LC3. Notably, in our experiments with both MitoKR and CCCP, we observed a two-step recruitment process for OPTN and NDP52. In the 10-15 min immediately following Parkin translocation to damaged mitochondria, low levels of OPTN and NDP52 recruitment were observed, resulting in the formation of uniform, weakly fluorescent rings. When LC3 was subsequently recruited, we observed a robust increase in the autophagy receptor signal intensity (Fig. 4  A-D) . Although the initial surge in OPTN/NDP52 intensity around mitochondria slightly diminished in the minutes after autophagosome formation, the subpopulation of mitochondria engulfed by LC3 at 90 min displayed significantly higher normalized autophagy receptor fluorescence compared with mitochondria without LC3 (Fig. 4 E-G) . In contrast, the signal for mCherry-Parkin did not display a similar increase in intensity following mitochondrial engulfment by LC3-positive membranes (Fig. 4H) .
We used fluorescence recovery after photobleaching (FRAP) to probe the stability of the mitochondrially bound receptors at 90 min post-CCCP, by photobleaching OPTN on mitochondria that either had or had not recruited LC3 (Fig. 4 I-K) . LC3-negative mitochondria ("−LC3") with dim OPTN rings showed some recovery of fluorescence within 5 min of photobleaching. In contrast, LC3-positive mitochondria ("+LC3") with bright OPTN rings at the time of photobleaching displayed no measurable OPTN recovery over the same time frame (Fig. 4L) , suggesting that OPTN can cycle on and off of Parkin-positive mitochondria, but becomes stabilized as autophagosomes form.
Depletion of OPTN, but Not NDP52, Blocks Efficient Mitophagy. There have been conflicting reports about the relative contribution of OPTN and NDP52 in mitophagy, and whether these receptors carry out redundant functions (13, 14) . To examine this question, we depleted Parkin-expressing cells of either NDP52 or OPTN and investigated levels of mitophagy at 180 min post-CCCP. As previously observed (12) , knockdown of endogenous OPTN using siRNA leads to a significant defect in the autophagic engulfment of mitochondria ( Fig. 5 A and B) . In contrast, depletion of NDP52 by siRNA (>95% depletion; Fig. S4A ) had no significant effect on autophagic engulfment of mitochondria at this time point (Fig. 5 A and B) .
A recent study using stable OPTN-knockout HeLa cell lines reported no significant defects in mitochondrial clearance when assayed 1 d after mitochondrial depolarization (13) . This observation is seemingly at odds with our observations concerning autophagic engulfment of mitochondria when assayed 180 min after mitochondrial depolarization. To investigate this question, we obtained OPTN and NDP52 knockout cells generated by Lazarou et al. (13) and examined potential differences in mitophagy at time points more closely following mitochondrial depolarization. In the stable OPTN knockout cell line, we noted a modest but significant defect in mitophagy at 180 min post-CCCP (Fig. S4B) , consistent with our observations in cells with a transient depletion in OPTN (Fig. 5B) . In contrast, no defect in mitophagy was observed in the NDP52 knockout cell line (Fig. S4B ), again consistent with our observations in cells in which NDP52 was transiently depleted by siRNA (Fig. 5B) . Cells with stable knockout of both OPTN and NDP52 showed the most significant defects in mitochondrial engulfment by LC3 at this time point, paralleling the significant defect in mitochondrial clearance at 24 h post-CCCP previously noted in this cell line (13) . Thus, OPTN is required for effective mitophagy in the initial hours after mitochondrial damage, although other receptors, such as NDP52, likely compensate over longer time frames, such as 24 h (13).
TBK1 Is Dynamically Corecruited to Depolarized Mitochondria with
OPTN. The serine/threonine kinase TBK1 has been implicated in the regulation of multiple receptors, including p62, OPTN, and NDP52 (14, 24, 27) . Additionally, immunocytochemistry studies indicate that TBK1 colocalizes with OPTN to intracellular pathogens as well as depolarized mitochondria (16, 27) . Based on these observations, we chose to examine the dynamics of TBK1 recruitment in response to mitochondrial depolarization using livecell imaging. We transfected HeLa cells with SNAP-TBK1, GFP-OPTN, untagged Parkin, and Mito-DsRed2. Before CCCP treatment, both TBK1 and OPTN were distributed throughout the cytoplasm, occasionally localized to small, overlapping foci (Fig.  6A, Top) . Within 10 min of CCCP treatment, these TBK1/OPTN foci disappeared. Over the next 15 min, TBK1 and OPTN translocated onto mitochondria with similar kinetics (Fig. 6 A and B and Movie S4). Once TBK1 was recruited to depolarized mitochondria, the kinase remained stably associated for over 90 min (Fig. 6C) . The observed enrichment of TBK1 on depolarized mitochondria was eliminated by depletion of endogenous OPTN (Fig. 6D) , suggesting that OPTN mediates TBK1 recruitment to mitochondria. Consistent with this hypothesis, overexpression of exogenous OPTN enhanced TBK1 association with depolarized, Parkin-positive mitochondria (Fig. 6E) . Finally, to determine whether TBK1 is corecruited with OPTN, we knocked down endogenous TBK1 and rescued it with either WT-TBK1 or an ALSassociated (TBK1-E696K) mutant that is deficient in OPTN binding (21) . At 90 min post-CCCP, WT-TBK1 could be clearly visualized on fragmented mitochondria (Fig. 6F, Top) . In contrast, TBK1-E696K remained cytosolic, failing to associate with depolarized mitochondria (Fig. 6F) . Thus, we propose that OPTN shuttles TBK1 to depolarized mitochondria.
Activated TBK1 Is Necessary for Efficient Autophagic Engulfment of
Depolarized Mitochondria. A recent investigation found that TBK1 is activated through S172 phosphorylation after mitochondrial depolarization (14) . However, it is not known whether TBK1 activity is necessary for autophagic engulfment of depolarized mitochondria. To investigate this question, HeLa cells were transfected with untagged Parkin, Mito-DsRed2, GFP-LC3, and either SNAP-TBK1 or Halo-OPTN. Approximately 24 h later, we treated cells for 1 h with either DMSO or 1 μM BX795, a small-molecule inhibitor of TBK1 (28) . Before mitochondrial depolarization, cells treated with the TBK1 inhibitor were indistinguishable from those cells that received vehicle control. At 90 min post-CCCP, we observed a clear enrichment of TBK1 on fragmented mitochondria (Fig. S4A) , indicating that TBK1 recruitment to depolarized mitochondria is not dependent on its phosphorylation state. Consistent with this finding, we also observed robust recruitment of phosphodeficient TBK1-S172A to depolarized mitochondria (Fig. S4B) . Next, we examined the effect of TBK1 inhibition on OPTN recruitment and autophagosome formation. At 90 min post-CCCP, 66% of mitochondria in cells treated with BX795 were surrounded by OPTN rings (Fig. 7 B  and D) , compared with 55% of mitochondria in control cells (Fig. 7  A and D) . Despite this increased recruitment of OPTN, only 4.1% of OPTN-positive mitochondria were engulfed by LC3 in BX795-treated cells (Fig. 7F and Fig. S5C ). In contrast, 35% of OPTNpositive mitochondria in DMSO-treated cells were engulfed by autophagosomes at 90 min post-CCCP (Fig. 7F) . We observed a similar inhibition of mitophagy in BX795-treated cells depolarized with 10 μM antimycin together with 10 μM oligomycin (Fig. S5D) .
Depletion of TBK1 by siRNA (>95% depletion; Fig. S5E ) resulted in a striking decrease in the percentage of LC3-positive mitochondria following 90-min CCCP treatment, comparable to the effect observed in cells treated with BX795 (Fig. 6 C, E, and F). This mitophagy defect was rescued by the expression of WT-TBK1, but not by a phosphodeficient TBK1-S172A mutant [WT-TBK1, 20.11 ± 2.1%; TBK1-S172A, 4.9 ± 0.5% (mean ± SEM)]. Of note, knockdown of TBK1 resulted in a slight decrease in OPTN localization to depolarized mitochondria (Fig. 7D) , suggesting that TBK1 may partially facilitate recruitment and/or retention of OPTN on mitochondria.
TBK1 inhibition or depletion also profoundly impaired the formation of LC3-positive autophagosomes around depolarized mitochondria in cells expressing endogenous levels of autophagy receptor (Fig. 7G) . In fact, at 180 min post-CCCP, the inhibition of mitophagy observed due to depletion or inhibition of TBK1 was even more extensive than observed upon OPTN knockdown (Fig. 7G) .
Next, we investigated the effect of TBK1 inhibition on other autophagy receptors. We observed that inhibition of TBK1 by BX795 eliminated the mitophagy enhancement in cells overexpressing OPTN or TAX1BP1, but had only a minor effect on the up-regulated mitophagy observed in cells expressing NDP52 (Fig. 7 H and I) . Both OPTN and NDP52 were still recruited to depolarized mitochondria following TBK1 inhibition, although we did note an ∼50% reduction in TAX1BP1 recruitment (Fig.  7J ). These observations suggest that OPTN and potentially TAX1BP1 are regulated by TBK1, whereas NDP52 may facilitate mitophagy through a TBK1-independent pathway.
Phosphorylation of OPTN S177 Is Necessary for Efficient Induction of
Autophagy Following Mitochondrial Depolarization. OPTN contains a short, four-residue LIR motif near its N terminus (positions 178-181), through which it associates with LC3 (16). The strength of this association, which reflects the ability of OPTN to recruit autophagic membranes, is augmented by TBK1-mediated phosphorylation of a serine residue just before the LIR, at position S177 (16) . We thus examined the extent to which phosphorylation of OPTN at S177 influenced the ability of this receptor to mediate autophagosome formation around depolarized mitochondria.
In HeLa cells transfected with Halo-OPTN, Parkin, MitoDsRed2, and GFP-LC3, 58% of mitochondria were positive for OPTN 90 min after depolarization with CCCP ( Fig. 8 A and D) . Autophagosomes effectively formed around these OPTN-positive mitochondria, because 37% were also positive for LC3 (Fig.  8F) . We then used site-directed mutagenesis to generate a Halo-OPTN construct that could not be phosphorylated at S177 (S177A). Cells were transfected with Halo-OPTN-S177A along with untagged Parkin, Mito-DsRed2, and GFP-LC3. Before CCCP treatment, cells expressing the S177A mutant were indistinguishable from cells expressing WT-OPTN. CCCP treatment induced the translocation of OPTN-S177A to fragmented mitochondria within 20-30 min. At 90 min post-CCCP, OPTN-S177A was uniformly recruited to 75% of the total mitochondrial population ( Fig. 8 B and D) . Recruitment of OPTN-S177A to depolarized mitochondria was even more effective than recruitment of WT-OPTN (Fig. 8D) . Strikingly, however, only 8.1% of OPTN-S177A-positive mitochondria corecruited LC3 (Fig. 8E) . This dramatic decrease in LC3 recruitment indicates that phosphorylation of OPTN at S177 is necessary for efficient engulfment of depolarized mitochondria by LC3-positive autophagosomes. Interestingly, HeLa cells expressing OPTN-S177A still robustly recruited TBK1 to depolarized mitochondria (Fig. S6A) , indicating that recruitment of TBK1 to depolarized mitochondria is not dependent on OPTN S177 phosphorylation. We next asked whether expression of a constitutively active, phosphomimetic form of OPTN would enhance CCCP-induced mitophagy. Cells expressing the phosphomimetic construct Halo-OPTN-S177E as well as Parkin, Mito-DsRed2, and GFP-LC3 appeared phenotypically normal before addition of CCCP. Addition of CCCP induced robust recruitment of OPTN-S177E to depolarized mitochondria (Fig. 8 C and D) and clear formation of LC3-positive autophagosomes around the OPTN-positive mitochondria (Fig. 8F) . However, we did not see an up-regulation of either OPTN or LC3 recruitment to mitochondria in comparison to cells expressing WT-OPTN (Fig. 8 D-F) , suggesting that OPTN is efficiently phosphorylated in CCCP-treated HeLa cells. Together, these results indicate that activation of OPTN through S177 phosphorylation is essential for its ability to function as an autophagy receptor for depolarized mitochondria.
ALS-Associated OPTN and TBK1 Mutants Interfere with Mitophagy of
Depolarized Mitochondria. In the past several years, multiple mutations in both OPTN and TBK1 have been identified in patients with ALS and FTD (17) (18) (19) (20) (21) (22) . We therefore examined whether these disease-associated mutations interfere with efficient mitophagy. We depleted endogenous TBK1 with an siRNA specific for the 3′ UTR of TBK1 (leading to a 75% reduction in endogenous levels of TBK1; Fig. S7 A and B) and transfected cells with Halo-OPTN, Parkin, Mito-DsRed2, and GFP-LC3. Depletion of TBK1 resulted in a significant decrease in LC3-positive mitochondria at 90 min post-CCCP compared with cells transfected with a scrambled siRNA (Fig.  9A ). This mitophagy defect was rescued by expression of WT-TBK1, but not by an ALS-associated TBK1-E696K mutant (Fig. 9 A and B) .
TBK1-E696K did not associate with OPTN, and failed to translocate to depolarized mitochondria 90 min after CCCP treatment (Fig. 9B) .
Next, we asked whether ALS-associated OPTN mutations similarly interfered with recruitment of LC3 to depolarized mitochondria. We examined three ALS-associated OPTN mutants: (i) OPTN-E478G (ubiquitin-binding domain mutant), (ii) OPTN-R96L (coiled-coil domain 1 mutant), and (iii) OPTN-Q398X (truncation mutant entirely lacking UBAN domain). As previously shown, expression of WT-OPTN in Parkin-expressing cells results in a robust enhancement of mitophagy at 90 min post-CCCP. To examine whether these ALS-associated OPTN mutants could similarly enhance mitophagy, we transfected cells with untagged Parkin, mCh-LC3, and Mito-SNAP, as well as GFP-OPTN, GFP-OPTN-E478G, GFP-OPTN-Q398X, or GFP-OPTN-R96L. Both OPTN-E478G and OPTN-Q398X remained cytosolic at 90 min post-CCCP, failing to translocate to depolarized mitochondria and enhance mitophagy (Fig. 9 C and D) . In contrast, both WT-OPTN and OPTN-R96L translocated to depolarized, fragmented mitochondria, inducing equivalent levels of autophagosome formation ( Fig. 9 C and D) . Thus, expression of some, but not all, ALSlinked mutations in OPTN can disrupt efficient mitophagy.
Discussion
In this study, we used live-cell imaging to examine the dynamics of autophagy receptors and their regulation during selective mitophagy. Previously, we found that the ALS-associated receptor OPTN mediates the autophagic engulfment of Parkin-positive mitochondria (12) . Here, we examined the regulation of OPTN by TBK1, an upstream kinase also linked to ALS. We find that TBK1 is dynamically recruited with OPTN to depolarized, Parkin-positive mitochondria. Inhibition of TBK1 does not hinder the initial recruitment of OPTN, but does dramatically inhibit the assembly of autophagic membranes around depolarized mitochondria. Because knockdown of TBK1 resulted in a more significant inhibition of LC3 recruitment than we observed following OPTN knockdown, our observations support a model in which multiple receptors contribute to the mitophagy of damaged mitochondria. Specifically, we found that two other autophagy receptors, NDP52 and TAX1BP1, are recruited with similar kinetics to depolarized, Parkin-positive mitochondria. Overexpression of any of these three receptors enhances the formation of autophagosomes around depolarized mitochondria, suggesting that cellular expression levels of these receptors may be limiting. However, we noted that NDP52 depletion had little effect on the kinetics of sequestration of depolarized mitochondria over a time frame of up to 3 h, in contrast to our observations on OPTN depletion. Thus, although there may be functional compensation over longer time frames (13) , kinetically, these receptors are not interchangeable.
A recent investigation reported that stable knockout of OPTN in HeLa cells did not have a significant effect on mitochondrial clearance 24 h after depolarization (13) . Using the same knockout line, we observed a modest but significant 20% decrease in the formation of mitochondrial autophagosomes at 3 h post-CCCP. Thus, loss of OPTN affects the efficiency of autophagosome formation in both knockdown and knockout paradigms. However, at longer time points, both OPTN knockdown and knockout HeLa cells can effectively clear damaged mitochondria, likely through recruitment of alternative receptors, such as NDP52. This question has been addressed in detail in bacterial autophagy, or xenophagy, where the interplay among autophagy receptors is essential for efficient autophagosomal engulfment of invasive pathogens (29) . Here, we show that multiple receptors are recruited to depolarized mitochondria with similar kinetics, yet these receptors are only partially redundant in effecting efficient mitochondrial engulfment.
Studies on xenophagy have also identified a key regulatory role for TBK1, a serine/threonine kinase that has been demonstrated to interact with OPTN, NDP52, and TAX1BP1 (16, 24, 25) . Here, we found that OPTN and TBK1 translocate to depolarized mitochondria with similar kinetics. OPTN likely shuttles TBK1 to damaged mitochondria, because depletion of OPTN or expression of a TBK1 mutant unable to bind OPTN eliminates recruitment of TBK1 to depolarized mitochondria. However, recruitment of OPTN is not dependent on TBK1 expression or TBK1 activity; similarly, TAX1BP1 and NDP52 are also recruited to depolarized mitochondria when TBK1 is inhibited.
Although inhibition of TBK1 does not interfere with the initial recruitment of OPTN to mitochondria, it does block the stabilization of OPTN and the concomitant recruitment of LC3 to depolarized mitochondria, suggesting that mitochondrially localized OPTN must be subsequently activated by TBK1 to function as an autophagy receptor. In contrast, NDP52 can facilitate the formation of autophagosomes on depolarized mitochondria, even in the absence of TBK1. This finding suggests that OPTN and TAX1BP1 act in the same pathway downstream of TBK1, whereas NDP52 may function in a parallel mitophagy pathway less dependent on TBK1 (Fig. 10) , as initially suggested by Lazarou et al. (13) .
In these studies, we induced mitophagy using several approaches, including depolarization by the mitochondrial uncoupler CCCP, inhibition of the electron transport chain by antimycin and oligomycin, and ROS production by activation of a localized photosensitizer (MitoKR). Irrespective of the upstream damage, we observed very similar recruitment kinetics for the autophagy receptors and consistent timing of LC3 recruitment to form autophagosomes around depolarized mitochondria. Typically, OPTN, NDP52, and TAX1BP1 display a weak pattern of recruitment to depolarized mitochondria 10-15 min after recruitment of Parkin. Starting 10 min after this weak recruitment, a small subset of mitochondria displays enhanced receptor intensity coupled to more stable receptor binding, coincident with the recruitment of LC3 puncta. Over the next ∼5 min, LC3 puncta develop into spherical structures entirely circumscribing depolarized, Parkinpositive mitochondria.
By 90 min after CCCP-induced depolarization, nearly every mitochondrion is Parkin-positive; more than half show clear autophagy receptor rings, but only 25% are effectively sequestered by LC3-positive autophagosomes. Even at longer time points, such as 5 h or 8 h post-CCCP, a number of OPTN-positive mitochondria can still be clearly seen outside of autophagosomes. The variability in efficiency with which individual mitochondria are targeted to autophagosomes after cell-wide depolarization may be limited by several factors, including expression levels of autophagy receptors; the relative activation of upstream regulatory signals, such as TBK1; and possibly the availability of autophagic membrane sources, and thus the rate of autophagosome biogenesis. However, the sooner depolarized mitochondria are quarantined from the rest of the cell by autophagosomes, the less damage they are likely to cause. Therefore, the rate at which damaged mitochondria are effectively engulfed and sequestered by an isolation membrane may be among the most important aspects of mitophagy.
A recent exome sequencing study identified significantly higher rates of TBK1 polymorphisms in individuals with ALS (30) . Another study linked loss-of-function TBK1 mutations to both ALS and FTD (21) . Finally, mutations in both TBK1 and OPTN are causal for both ALS and glaucoma (20, 31) . In this study, we observed that the ALS-associated mutants TBK1-E696K, OPTN-E478G, and OPTN-Q398X all interfere with efficient autophagic engulfment of damaged mitochondria. However, we did not observe mitophagy defects in cells expressing OPTN-R96L. Thus, disordered mitophagy may contribute to the pathophysiology of ALS and FTD, but further work is required to establish this point fully. Specifically, slower and/or less effective mitophagy might lead to the accumulation of damaged mitochondria and subsequent cytotoxic stress. Consistent with the late-onset nature of both ALS and glaucoma, other receptors likely compensate to some degree, but the decreased efficiency caused by TBK1 or OPTN mutations may be sufficient to lead to enhanced neurodegeneration over time.
It is not yet clear why mutations in ubiquitously expressed proteins result in selective degeneration of specific neuronal populations. Perhaps expression levels of compensatory mitophagy receptors, such as NDP52, are limiting in affected cells. Consistent with this hypothesis, levels of NDP52 protein are comparatively low in human brain lysates (13) . Alternatively, the effects of dysregulated mitochondrial quality control might simply manifest in specific neuronal populations earlier and to a greater extent than other cell types. Motor neurons and retinal ganglion cells affected in ALS and glaucoma are characterized by extended axonal processes; whether damaged mitochondria occupying distal axonal regions are subject to the same quality control mechanisms as those mechanisms near the cell body remains unclear (32, 33) . It is also a distinct possibility that mutations in TBK1 and OPTN contribute to disease through other mechanisms, including aberrant protein aggregate autophagy (aggrephagy) or neuroinflammatory pathways; further work will be required to address these possibilities.
Methods
Constructs, siRNAs, and Antibodies. Constructs used include the following: Mito-DsRed2 (a gift from T. Schwarz, Harvard Medical School, Boston) recloned into SNAP-Tag (New England Biolabs) and psBFP2-C1 (Addgene); TBK1 (no. 23851; Addgene) recloned into pSNAPf vector; pEGFP-LC3 (a gift from T. Yoshimori, Osaka University, Osaka) recloned with pmCherry (Takara Bio, Inc.); YFP-Parkin and mCherry-Parkin (gifts from R. Youle, NIH, Bethesda); untagged Parkin, pEGFP-OPTN, and pEGFP-OPTN-E478G (gifts from I. Dikic, Goethe University, Frankfurt) recloned with pmCherry and HaloTag (Promega); R96L-EGFP (no. 68846; Addgene); Q398X-EGFP (no. 68849; Addgene); HaloTag-NDP52 (Promega) recloned into pEGFP; HaloTag-TAX1BP1 (Promega) recloned into pEGFP (Promega); and pKillerRed-dMito (Evrogen). Site-directed mutagenesis was used to generate mCherry-Parkin-T240R, HaloTag-OPTN-S177A, HaloTag-OPTN-S177E, SNAP-TBK1-S172A, and SNAP-TBK1-E696K. HaloTag constructs were labeled with either HaloTag tetramethyl rhodamine ligand (G821; Promega) or silicon-rhodamine-Halo ligand (a gift from L. Reymond and K. Johnsson, Ecole 
